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Archipelago (Bernardello et al. 2001 ) confirm high proportions of perennials and trends towards arborescence in many species. Molecular phylogenetic studies have revealed the repeated evolution of woodiness in groups of plants from Hawaii (Wagner et al. 1990 , Givinish et al. 1995 , Baldwin 1997 , Sakai et al. 1997 , Givinish 1998 and Macronesian islands (Bö hle et al. 1996 , Kim et al. 1996 , Francisco-Ortega et al. 1997 , Panero et al. 1999 .
Several theories exist regarding the selective forces behind the evolution of insular woodiness. Some mirror theories proposed to explain body size shifts in vertebrates (described below) including ecological niche shifts, reduction in herbivory (Carlquist 1974) , and intraspecific competition (Darwin 1859) . However, some theories for plants, such as a release from seasonality (Carlquist 1974) , a reduction in pollinator prevalence (Wallace 1878) , and selection acting to counter inbreeding depression (Bö hle et al. 1996) do not have analogues in the vertebrate literature. I will restrict this discussion to theories and examples that deal primarily with vertebrates, but it is important to note that a life history approach can be extended to explain observed trends for insular plants and invertebrates as well.
Previous explanations
Explanations for insular size shifts in vertebrates have focused on three primary factors that may differ between mainland and island environments: competition, predation, and resource availability. Below I describe the theories and evidence given to support these mechanisms and point out where these existing theories, which rely primarily on specific selective regimes, lack the generality to adequately explain insular body size changes across populations and taxa.
Competition
Reduced interspecific competition on islands has been suggested as a cause for increased body size (Sondaar 1977 , Lomolino 1985 . Since species richness declines with decreasing island size (MacArthur and Wilson 1967) , small islands should have fewer competitors vying for limited niche space compared with the mainland, which could potentially result in empty niches. If larger individuals have greater niche breadths and can, for instance, eat large as well as small food items (Brooks and Dodson 1965) , selection would favor an overall increase in size (Van Valen 1965 , Roughgarden 1972 , Brown 1975 , Lister 1976 . Supporting this view, Heaney (1978) suggests that Southeast Asian tri-colored squirrels may have increased body sizes on medium sized islands relative to large islands because of the greater diversity and abundance of interspecific competitors on the larger islands.
This niche expansion hypothesis involves selection operating directly on body size and, although plausible, its generality is questionable. For instance, this scenario rests on the assumption that increasing body size expands niche breadth and that this advantage outweighs any cost associated with growing to a larger size. Increased body size might indeed increase niche breadth for organisms feeding on particulate food items such as seeds. However, for organisms that do not handle food resources in a size specific way, it is difficult to envision how size changes would affect feeding niche (Maiorana 1990 ). In addition, size might not be the most sensitive or malleable character associated with niche breadth. Feeding behavior or the morphology of feeding structures may be more sensitive to selection favoring the use of an expanded resource base. Van Damme (1999) , in examining correlations between body size, dietary shifts, and insularity in Lacertid lizards within a phylogenetic framework, found a significant association between transitions to insularity and extensions of the diet to include plant material. However, this study uncovered no consistent trends in body size changes.
The niche expansion hypothesis also assumes that increased niche breadth will be favored over specialization on particular food resources. A well-known example of specialization followed by speciation would include the resource partitioning based on seed size and complementary morphological changes seen in Darwin's finches of the Galápagos (Grant 1986 , Petren et al. 1999 . The relative advantages of increasing niche breadth versus resource partitioning are not well known.
Predation
It has often been suggested that the force of predation on islands will be less than on the mainland (Foster 1964 , Sondaar 1977 , Heaney 1978 , Lawlor 1982 , Crowell 1986 , Adler and Levins 1994 . The explanation usually given for such a claim is that islands support fewer predators than the mainland because both prey abundance and space are more limited. In many cases, island size does show the predicted positive correlation with predator abundance (Tamarin 1978 , Crowell 1983 ; however, this is not always so. In Hasegawa's (1994) study of the lizard Eumeces okadae on Japanese islands, predator assemblages and hence predation pressure appears to be more closely associated with an island's distance from Japan than with island size. Therefore, island size may not always be the best predictor of relative predation pressure. Nonetheless, it remains plausible that predation pressure on islands will generally be lower than on the mainland due to limited space, prey abundance, or colonizing ability.
Most of the theories built around predation as a causal factor contributing to changes in insular body size have focused on the direct effects of predation as it relates to predator choice and prey evasion (Sondaar 1977 , Heaney 1978 , Lawlor 1982 . If, for instance, predators actively choose smaller prey items on the mainland, then the colonization of a predator-free island will release the population from this selection pressure, and body size will attain its optimum point minus predation. This idea has been extended to explain the observed pattern of small insular mammals becoming large and large mammals becoming small (Sondaar 1977 , Heaney 1978 , Lawlor 1982 , Maiorana 1990 . If small mammals escape predation by hiding, favoring small body size, and large mammals escape predation by running or fighting, favoring large body size, then release from predation will result in a general increase in size for small mammals and a general decrease for large mammals. There is empirical evidence for size-specific predation and prey size refugia, particularly in fish, amphibians, and invertebrates (Werner and Gilliam 1984, Chase 1999 ), although such phenomena may be less important for populations of mammals and birds, which tend to show less intraspecific size variation (Werner and Gilliam 1984) .
An idea central to life history theory -and touched upon by Adler and Levins (1994) in their review of insular size trends in rodents -is that predation may alter size indirectly simply by increasing mortality rates. Release from predation will reduce overall mortality, resulting in shifts in age and size at maturity (Stearns and Crandall 1981 , Stearns and Koella 1986 , Kozlowski and Wiegert 1987 , Berrigan and Koella 1994 , Abrams and Rowe 1996 , Day and Rowe 2002 . Unlike the direct effects of predation on body size, this life history mechanism does not depend on a particular selective regime and will operate under any island conditions that produce a change in extrinsic mortality rates relative to those on the mainland. Therefore, its explanatory scope extends beyond predation. Such a general causal mechanism will be more likely to account for general trends in insular body size than will more specific mechanisms, as described below.
Resource availability
Finally, the importance of resource availability on islands has been widely suggested as a force driving shifts in body size (Foster 1964 , Case 1978 , Heaney 1978 , Lawlor 1982 , Melton 1982 , Lomolino 1985 . In some sense, explanations based on resource limitation are intimately related to those based on competition, but here the emphasis has been on altering size to cope with lower resource levels rather than on increasing niche breadth to exploit additional resources. The idea that resources limit body size has been employed to explain why large bodied mammals show dwarfism on islands, the concept being that larger animals require more energy intake than small animals and therefore should be more resource limited (Foster 1964 , Heaney 1978 , Melton 1982 . The relative degree of resource limitation experienced by mammals of different sizes in the same environment has not been examined in detail. It seems likely, however, that characteristics of an organism other than body size, such as constraints on diet or feeding behavior, will have an equal or even greater impact on an organism's susceptibility to resource limitation than will body size. Lawlor (1982) , in examining lagomorphs and rodents occupying 30 islands off the coast of Baja California, concluded that species with specialized diets are more susceptible to resource limitation and, therefore, have a greater tendency towards dwarfism on islands than more generalist feeders. Although resource availability is commonly thought to be lower on islands than on the mainland, the difference is hard to quantify. This problem has made testing predictions of insular body size based on resource availability difficult (Case 1978) .
A life history approach
The explanations described above rely primarily upon selection acting directly on body size through the processes traditionally focused on by community ecologists -competition, predation, and resource limitation. Such direct selective pressures may, in certain cases, operate to change body size after an island has been colonized. However, a more general explanation may be better at accounting for the widely observed trends. Life history theory provides a framework for such an explanation. Many elements in any organism's life history (e.g. size at birth, age and size at maturity, age specific birth and death rates, etc.) are coupled and are involved in intrinsic trade-offs (for instance if an organism reproduces earlier it has less time to grow). Therefore, changes in one life history trait are likely to affect the values of other traits as selection acts to maximize lifetime reproduction (Gadgil and Bossert 1970) . In particular, decreased extrinsic mortality due to lowered predation pressure and decreased resource availability are selective pressures that may alter the elements of an organism's life history to which adult body size is sensitive. They are also changes likely to be encountered by organisms on islands.
Upon colonizing an island, organisms' reactions to decreased extrinsic mortality rate and reduced resource levels will consist of an evolutionary (genetic) response and a phenotypically plastic response. The evolutionary response represents a shift in the position of the agesize reaction norm (the set of phenotypes expressed by a single genotype over a range of environmental conditions). The plastic response results from a slide along OIKOS 103:1 (2003) this reaction norm. Age and size at maturity are determined by the point of intersection of the reaction norm with the organism's individual growth curve (Fig. 1) . Decreased individual growth rate associated with resource limitation is expected to shift the individual growth curve down, while decreased mortality associated with reduced predation should shift the reaction norm up and to the right (Stearns 1992) . The relative significance of the shifts in these curves will determine whether resource limitation predominates and adult body size decreases (Fig. 1A) or whether reduced mortality predominates and body size increases (Fig. 1B) .
It is important to point out that life history models that describe growth as an individual growth curve (Stearns and Crandall 1981 , Stearns and Koella 1986 , Kozlowski and Wiegert 1987 , Berrigan and Koella 1994 , Day and Rowe 2002 , as depicted in Fig.  1 , assume that growth rate is fixed by environmental conditions. While this assumption makes for more tractable models, it does not hold if organisms can adaptively alter their growth rates (Gotthard et al. 1994) . In particular, plasticity in growth has been shown for organisms that must balance the benefits of growth against the increased risk of predation incurred when actively foraging (Lima and Dill 1990, Lima 1998) . Therefore, models incorporating flexible growth rates have been devised for predicting optimal age and size at maturity Rowe 1996) . In general, the predictions of flexible-growth models are consistent with those of fixed-growth models for body size but may differ for age at maturity. Since size is the trait of primary interest, and because fixed-growth models can be analyzed graphically, I use a fixed-growth approach for describing the applicability of life history theory to the problem of insular body size. However, this is not an endorsement of the fixedgrowth approach but, rather, represents the choice of graphical tractability over biological accuracy for the purpose of this discussion.
Effects of reduced resource availability
Resource availability is able to influence adult body size through its effect on individual growth rate. Lowered resource availability will reduce growth rate if individuals must expend more time or energy to acquire food resources, such as greater travel distance between patches or increased interference competition for access to patches. The assumption of no relationship between mortality rate and growth rate produces an L-shaped reaction norm as shown in Fig. 1 , but other assumed relationships between mortality and growth produce reaction norms with a variety of other shapes (Stearns and Koella 1986, Berrigan and Koella 1994) .
Diagrammatically, if there is a decrease in extrinsic mortality associated with island colonization, the reaction norm is expected to shift up and to the right, resulting in an increased body size (Fig. 1A, point B) . However, if resource limitation is of greater importance than reduced extrinsic mortality, the drop in individual growth rate as population density nears carrying capacity and the subsequent slide along the new reaction norm will result in a net decrease in body size (Fig. 1A,  point C) . Additionally, a severely limited resource supply compared to the mainland will result in a lower Fig. 1 . The change in adult body size on an island (BSI) relative to that on the mainland (BSM) will be determined by the relative magnitude of shifts in the individual growth rate curve (mainland -GR, island -GR*) and the reaction norm determining age and size at maturity (mainland -RN, island -RN*). (A) When reduced resource availability predominates, the effect of reduced individual growth rate (shift from GR to GR*) is of greater magnitude than the effect of reduced extrinsic mortality (shift from RN to RN*), and the resulting island body size evolves to be smaller than the ancestral mainland body size. (B) When decreased predation rate predominates, the effect of reduced extrinsic mortality rate (shift from RN to RN*) is greater than the effect of reduced growth (shift from GR to GR*), and body size evolves to be larger on the island. Fig. 2 . The proposed network of associations leading to shifts in adult body size on islands. Upon colonization of an island, organisms may face two common environmental differences relative to the mainland, decreased extrinsic mortality and decreased resource availability. These factors will either increase or decrease (black arrows) population densities and life history traits relative to the mainland population and result in either an increased or decreased body size depending on whether the effects of decreased extrinsic mortality or decreased resource availability predominate. empirical studies confirm this relationship. This is because there is generally a positive relationship between body size and fecundity, so if there is a good likelihood of surviving long enough to grow large, there will be a pay-off in terms of offspring. Stearns et al. (2000) allowed populations of Drosophila to evolve in response to experimentally manipulated conditions of high and low mortality. Consistent with predictions, they found faster development, smaller body size, and earlier peak fecundity in populations kept at conditions of high mortality and slower development, larger body size, and later peak fecundity in populations kept at conditions of low mortality. Reznick et al. (1996) examined mortality rates and life history traits in Trinidadian guppies and found that guppy populations that suffered from uniformly high predation rates across all size classes matured earlier, grew faster, and were smaller at birth and at maturity than guppies from low predation populations. In addition, they found that moving populations from high to low predation localities resulted in the evolution of life history traits typical of low predation populations.
On islands with few predators, this means that individuals that delay maturity and reproduce at a larger size will have higher fitness than those that follow the high predation risk mainland strategy and mature early and reproduce small. But what are the consequences of this life history shift in terms of population density? Since extrinsic mortality rate is lower and fecundity increases as individuals reproduce at a larger size, the population will increase in density relative to that of the mainland. This may lead to a shift that further favors increases in body size. For many organisms, a trade-off has been shown to exist between number and size of offspring. At higher population densities, with the instantaneous rate of population growth (r) near zero and the net reproductive rate (R o ) near one, life histories become increasingly sensitive to changes in juvenile mortality rate. Therefore, the shift to larger offspring with improved survival may be increasingly favored over other possible alternatives to increase fitness as the population nears carrying capacity (Stearns 1992) .
A decrease in extrinsic mortality will shift the age-size reaction norm up and to the right as a population with greater expected future survival increases fitness by maturing later and at a larger size than its mainland ancestor (Fig. 1B, point B) . A subsequent increase in population density may result in intraspecific competition for food resources. Assuming that this competition makes resources limiting, the individual growth curve will shift down and the optimal age and size at maturity will slide along the new reaction norm. If this shift in individual growth rate is small compared to the shift in the reaction norm associated with decreased predation, the organism will mature later and at a larger size (Fig.  1B, point C) . This generates the following predictions on islands where decreased extrinsic mortality predomicarrying capacity for some island populations. This generates the following predictions for islands where reduced resource availability predominates (right side of Fig. 2): (1) decreased individual growth rate, (2) increased age at maturity, (3) decreased adult body size, and (4) decreased population density. Kozlowski (1991) has pointed out that small organisms are usually small not because being small has direct advantages in terms of survival or fecundity, but because growing large incurs a heavy cost in terms of time and energy. If mortality risk is high, then investment in growth will not pay-off in terms of fecundity, for the risk of dying before reproducing outweighs the potential gains in reproduction associated with reproducing at a larger size. Therefore, optimal size is strongly dependent on extrinsic mortality rate. This trend is evident across mammals. In a comparative study, Promislow and Harvey (1990) found mortality rates in general, and juvenile mortality rates in particular, to be highly correlated with other life history traits.
Effects of decreased extrinsic mortality
Models focused on predicting optimal age and size at maturity have shown that decreasing mortality rate has the effect of increasing age and size at maturity, and nates (summarized on the left side of Fig. 2): (1) increased age at maturity, (2) increased adult body size, (3) increased fecundity reflected either in the number or, more likely, in the size of offspring, and (4) increased population density.
Therefore, based on a life history framework, body size differences in island populations compared with their mainland progenitors are the results of adaptive changes in age and size at maturity and depend primarily on the relative importance of two factors, extrinsic mortality rate and resource availability. This approach is applicable under all island situations where either mortality rate or resource availability differs from the mainland and provides testable predictions about how body size, life history traits, and population density adjust to insularity.
Empirical evidence
Although no single study has measured all of the parameters required to either confirm or refute this conceptual model, there is empirical evidence of its utility. Some widely observed patterns conform to predictions. For instance, resource limitation is tightly linked with trophic position. Organisms high in the food web, such as top predators, are likely to be limited by food supply, whereas organisms in lower trophic levels, such as herbivores or granivores, are more likely to be predator limited (Wilbur et al. 1974) . As expected, snakes and mammalian carnivores generally show decreased insular body size, and herbivorous lizards, artiodactyls, and rodents generally show increased insular body size, signs that resource limitation on islands is important for predators and that decreased mortality rate due to release from predation is important for herbivores.
Many studies have documented higher population densities, lower fecundities, and larger egg or offspring sizes on island compared to the mainland (Stamps and Buechner 1985) . One example is in the shrew Crocidura sua6eolens. Fons et al. (1997) showed that adult body size is larger and the number of pups per litter is smaller on Corsica than on the mainland. In addition, birth weight of Corsican pups is nearly twice that of mainland pups. These differences were persistent over three laboratory generations, suggesting that they are due to genetic difference rather than plasticity alone and are consistent with predictions based on reduced extrinsic mortality as the key factor in determining insular body size.
Larger body size has been attributed to better survival in rodents, including deermice on islands in British Columbia (Melton 1982) , bank voles living in subalpine habitats in the French Alps (Yoccoz and Mesnager 1998) , and woodrats on islands off Baja California (Smith 1992) . Subalpine bank voles have larger sizes, lower mortality rates, and higher population densities than populations of bank voles elsewhere in Europe. Although Yoccoz and Mesnager (1998) could not directly attribute the differences in mortality rates to predation, they speculate that the absence of the weasel Mustela ni6alis from most subalpine habitats plays a key role. Perhaps more convincingly, Smith (1992) examined body size in insular woodrat populations on thirteen islands off the coast of Baja California and found a significant relationship between increased body size relative to the most probable mainland progenitor and the absence of mammalian predators.
Adler and Levins (1994) reviewed a detailed list of studies showing that larger body size in island rodents is generally accompanied by delayed age at maturity and higher population density. In reviewing the literature, I could find no reports of cases in which island populations with increased population density showed earlier age at maturity than their mainland relatives, although delayed maturity is a common trend. These patterns are consistent with the predictions made from decreased extrinsic mortality as the primary driver in the evolution of insular body size in these populations.
There is also empirical support for reduced resource availability acting to change life history traits and adult body size. Slower growth caused by resource limitation has been found in insular Anolis species compared to their mainland relatives (Andrews 1976). As described above, reduced growth rate is expected to be associated with a decrease in body size. Case (1978) , however, suggests that average Anolis body sizes are larger on islands than on the mainland. This finding could indicate that, along with reduced individual growth rate, insular Anolis species have experienced sufficiently reduced predation rates to produce a large shift in the reaction norm up and to the right. A large enough shift in the reaction norm relative to the reduction in growth rate would result in island Anolis species growing more slowly and maturing larger than their mainland ancestors.
One detailed study of island lizard populations has measured many of the parameters necessary for evaluating this model and provides support for the accuracy of its predictions. Hasegawa (1994) conducted a study that directly examined mortality rates, resource abundance, and life history traits for populations of the lizard Eumeces okadae on a host of Japanese islands. These islands were classified into one of three groups based on the lizard's life history characteristics. The closest islands to the mainland generally have the full assemblage of mainland predators, including carnivorous mammals, snakes, and predatory birds; on these islands predation pressure was the most intense. On islands of intermediate distance from the mainland, snake and avian predators produced an intermediate level of predation pressure, and on distant islands with only avian predators, predation was severe on hatchlings but considerably lower on adults. Resource availability was highest on far islands and lowest on near islands. The data show that lizards on near islands exist at low population densities and have the suite of traits predicted when resource availability is the controlling variable (small adult body size, large clutch size, and small egg size), and lizards on far islands live at much higher densities and appear to have the traits predicted when decreased extrinsic mortality dominates (large adult body size, small clutch size, and large egg size). However, a true empirical test of this life history approach requires the mainland progenitor be identified by rigorous phylogenetic analysis and the correct partitioning of the genetic and plastic responses be achieved by common environment or reciprocal transplant experiments.
Conclusions
A life history approach provides a possible evolutionary mechanism for explaining size shifts commonly seen in insular populations. This approach does not rely on particular selective pressures but on general life history responses to environmental changes commonly encountered on islands. Therefore, it has a broader range of explanatory value than previous hypotheses based on selection acting directly on body size. As suggested by previous island studies, reduced extrinsic mortality rate and decreased resource levels are changes likely faced by island-colonizing populations. In a life history context, these factors may be expected to result in genetic and phenotypically plastic responses in age and size at maturity, and the relative significance of these responses will determine the direction and degree of body size change relative to the mainland ancestor. In general, reduced extrinsic mortality rate is expected to result in a body size increase and reduced resource availability is expected to result in a body size decrease. Observed patterns appear to conform to the predictions generated by this approach, but more studies of the ecological conditions and life history traits of insular populations and their mainland progenitors would be informative.
